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(54) Electrophoretic display device and driving method therefor 



(57) An electrophoretic display device exhibiting a 
memory characteristic, i.e., capable of holding a display 
state even after removal of an applied voltage, is pro- 
vided by introducing a mechanism that colored electro- 
phoretic particles are retained in position for display in 
the absence of an electric field. For the purpose, at least 
one of a pair of substrates holding therebetween 
colored electrophoretic particles (2) together with an 

2 6 

4 



insulating liquid (1) is provided with a magnetism by dis- 
posing a magnetic material (1 0) on or in the substrate 
(3) together with the use of magnetized colored electro- 
phoretic particles (2) so as to retain the colored electro- 
phoretic particles in position under the action of a 
magnetic force exerted by the magnetized substrate. 
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Description 

FIELD OF THE INVENTION AND RELATED ART 

[0001] The present invention relates to an electro- s 
phoretic display device wherein colored electrophoretic 
particles or charged migrating particles are moved to 
effect a display, and a driving method therefor. 
[0002] In recent years, accompanying the progress of 
data processing apparatus, there has been an increas- 
ing demand for a display device requiring a small power 
consumption and a small thickness, and extensive 
study and development have been made on devices 
satisfying such a demand. Among these, a liquid crystal 
display device wherein an alignment of liquid crystal 
molecules is electrically controlled to change optical 
characteristics has been extensively developed and 
commercialized as a display device satisfying the 
demand described above. 

[0003] However, such liquid crystal display devices 
are still accompanied with problems of visual load on 
human eyes, such as difficulty of recognizing characters 
on display depending on a viewing angle or due to 
reflection light, and flickering and low luminance of light 
sources. Accordingly, extensive study is still made for 
new-types of display devices causing less visual load on 
human eyes. 

[0004] Reflection-type display devices are expected 
from the viewpoints of lower power consumption and 
less visual load on human eyes. As a type thereof, an 
electrophoretic display device has been proposed by 
Harold D. Lees, et al. (U.S. Patent No. 3,612,758). Elec- 
trophoretic display devices are also disclosed in Japa- 
nese Laid-Open Patent Application (JP-A) 9-185087, 
JP-A 9-21 1499, and Japanese Patent Publication (JP- 
B) 6-52358. 

[0005] A structure and an operation of an electro- 
phoretic display device ares described with reference to 
Figures 8A and 8B. Referring to these figures, a display 
device 95 includes a dispersion layer comprising an 
insulating liquid 94 containing a colorant dissolved 
therein and charged electrophoretic or electrophoreti- 
cally migrating particles 93 dispersed in the insulating 
liquid 94, and a pair of oppositely disposed electrodes 
91 and 92 sandwiching the dispersion layer. When a 
voltage is applied across the dispersion layer via the 
electrodes 91 and 92, the colored electrophoretic parti- 
cles 93 are attracted to an electrode of a polarity oppo- 
site to that of the charge of the particles 93. A display is 
performed by a combination of the color of the electro- 
phoretic particles 93 and the color of the insulating liq- 
uid 94 having a different color from the electrophoretic 
particles 93 due to the colorant dissolved therein. 
[0006] More specifically, when the first electrode 91 is 
made a negative electrode and the second electrode 92 
is made a positive electrode, positively charged colored 
electrophoretic particles 93 are moved or migrated and 
attached to the surface of the first electrode 91 disposed 



closer to a viewer, thereby displaying the color of the 
particles 93 (Figure 8B). 

[0007] On the other hand, when the first electrode 91 
is made a positive electrode and the second electrode 
92 is made a negative electrode, the positively charged 
electrophoretic particles 93 are moved and attached to 
the surface of the second electrode farther from the 
viewer to display the color of colorant contained in the 
insulating layer 94 (Figure 8A). 
[0008] Such a conventional electrophoretic display 
device as described with reference to Figures 8A and 
8B, however, involves the following problems. 
[0009] The colored electrophoretic particles 93 are 
attracted to an electrode by an electric field (or an elec- 
trostatic attractive force), so that when the voltage appli- 
cation to the electrodes is terminated, the 
electrophoretic particles are allowed to move, thus fail- 
ing to exhibit a memory characteristic. Accordingly, in 
order to retain a display state, it is necessary to contin- 
ually apply the voltage to the electrodes, thus requiring 
a substantial power consumption therefor. 
[0010] Further, such a conventional electrophoretic 
display device fails to exhibit a clear threshold charac- 
teristic with respect to the movement of the electro- 
phoretic particles 93 between the electrodes, which is 
required to effect a simple matrix drive display (as will 
be described with reference to Figure 7A, etc. regarding 
an embodiment of the present invention). 
[0011] It is essential that the insulating liquid 94 is 
colored or made opaque- Accordingly, it is difficult to 
compose the insulating liquid of a single component, so 
that some coloring particles have to be dispersed or 
some colorant has to be dissolved in the insulating liq- 
uid. Further, the reflectance of the display is liable to be 
lowered due to adsorption of the colorant dissolved in 
the insulating liquid onto the colored electrophoretic 
particles and intrusion of the colored insulating liquid 
between the electrode surface and the colored electro- 
phoretic particles attached thereto, thus failing to pro- 
vide a high contrast. Further, the presence of such 
colorant (particles) is liable to provide an unstable factor 
in electrophoresis, thus being liable to lower the per- 
formance, life and stability of the display device. Further, 
in the conventional display device, the number of dis- 
playable colors is limited to two, i.e., those of the colored 
electrophoretic particles and the insulating liquid, so 
that a multi-color display is difficult- Further, according 
to the conventional display device, a binary display is 
ordinarily performed, and so-called gradational display 
including a display of a halftone color is difficult. 

SUMMARY OF THE INVENTION 

[001 2] In vi ew of the above-mentioned problems of the 
prior art, a principal object of the present invention is to 
provide an electrophoretic display device having a 
threshold characteristic and a memory characteristic. 
[001 3] According to the present invention, there is pro- 
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vided an electrophoretic display device, comprising: a 
first substrate and a second substrate disposed oppo- 
site to each other with a gap therebetween, a first elec- 
trode and a second electrode disposed at at least 
partially deviated positions on the first substrate, a 5 
transparent insulating liquid filling the gap between the 
first and second substrates, and colored electrophoretic 
particles carried in the insulating liquid so as to be mov- 
able between the first electrode and the second elec- 
trode, wherein J( ? 

the first substrate has a magnetism, and the 
electrophoretic particles also have a magnetism. 
[0014] According to the present invention, there is 
also provided a driving method, wherein the above- 
mentioned electrophoretic display device is driven by 15 
applying different level of voltages between the first 
electrode and the second electrode, so that the colored 
electrophoretic particles are moved between the first 
and second electrodes at a voltage exerting an electro- 
static force larger than a magnetic Coulomb force acting 20 
between the electrophoretic particles and the first sub- 
strate, and the colored electrophoretic particles are 
retained on the first or .second electrode at a voltage - 
exerting an electrostatic force smaller than the magnetic 
Coulomb force acting between the electrophoretic parti- 25 
cles and the first substrate. 

[0015] These and other objects, features and advan- 
tages of the present invention will become more appar- 
ent upon a consideration of the following description of 
the preferred embodiments of the present invention 30 
taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] 35 

Figures 1 A and 1 B are sectional views showing two 
states of a display device according to an embodi- 
ment of the invention. 

Figures 2A and 2B are sectional views showing two 40 
states including a halftone display state of a dis- 
played device according to an embodiment of the 
invention. 

Figure 3 is a sectional view of another embodiment 
of the display device according to the invention. 45 
Figures 4A - 4E are sectional views for illustrating a 
process for producing a display device according to 
the invention. 

Figures 5A - 5E are sectional views for illustrating a 
process for producing another display device so 
according to the invention. 
Figure 6 is a sectional view of still another embodi- 
ment of the display device according to the inven- 
tion. 

Figure 7A is a plan view of an electrode matrix of a ss 
matrix display device according to the invention, 
Rgure 7B shows a set of time-serial voltage signal 
waveforms applied to respective electrodes, and 



Figures 7CA - 7CD are schematic plan views show- 
ing various display states of the matrix display 
device. » 
Figures 8A and 8B are sectional views showing two 
states of a known electrophoretic display device. 
Rgure 9 is a control system for driving a matrix-type 
display device according to the invention. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[001 7] Figures 1 A and 1 B are sectional views showing 
two states of an embodiment of the electrophoretic dis- 
play device according to the present invention. 
[0018] Referring to Figures 1A and 1B, this embodi- 
ment of the display device uses an insulating liquid 1 
which is a transparent insulating liquid free from inclu- 
sion of colored particles or dissolved colorant. 
[0019] The display device further includes a pair of 
first substrate 3 and second substrate 6 disposed oppo- 
site to each other with a gap therebetween, and a first 
electrode 8 and a second electrode 9 which are dis- 
posed at horizontally deviated positions on the first sub- 
strate 3 so as to provide an electric field therebetween 
for controlling a spatial distribution in the device. As a 
result, magnetic colored electrophoretic particles 
(charged migrating particles) 2 carried within the insu- 
lating liquid 1 may be moved along the electric field 
between the first and second electrodes, i.e., horizon- 
tally relative to the first substrate 3. In this embodiment, 
the first electrode 8 and the second electrode 9 are dis- 
posed to partially overlap each other and electrically 
isolated from each other by inserting a first insulating 
layer 4 therebetween, and the second electrode 9 ther- 
eon is further coated with a second insulating layer 5. 
By coloring any one of the first insulating layer 4, first 
electrode 8 and first substrate 3 to providing an optical 
characteristic (hue, reflectivity, etc.) different from those 
of the electrophoretic particles 2 and the second elec- 
trode 9, a binary color display, such as a monochro- 
matic display,, can be effected accompanying the 
movement of the colored electrophoretic particles 2. 
[0020] The transparent insulating liquid 1 and the 
magnetic colored electrophoretic particles 2 are held 
within a space defined by the insulating film 5, the sec- 
ond substrate and a sealing or partitioning wail 7. Below 
the second insulating layer 5, the second electrode 9 is 
locally formed, and further via the first insulating layer 4, 
the first electrode 8 is formed. The first substrate 3 is 
made magnetic by incorporation therein of magnetic 
powder 10 in this embodiment (as shown) or by applica- 
tion of such magnetic powder thereon. As a result, dur- 
ing the period of no voltage application, the magnetic 
colored electrophoretic particles 2 are attracted to the 
first substrate 3 within the space present together with 
the insulating liquid 1 under the action of a magnetic 
Coulomb force acting between the particles 2 and the 
first substrate 3. 
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[0021] In this embodiment of the display device, the 
magnetized and charged color electrophoretic particles 
2 are moved within the transparent insulating liquid 1 in 
parallel with or horizontally with respect to the first sub- 
strate 3 between the first electrode 8 and the second 
electrode 9 by applying a voltage between the first elec- 
trode 8 and the second electrode 9, thereby effecting a 
display. Further, at the time of no voltage application or 
application of a voltage below a threshold given by a 
magnetic constraint acting between the particles 2 and 
the first substrate 3, the position of the electrophoretic 
particles 2 is fixed by attraction to the first substrate 3. 
[0022] The colored electrophoretic particles 2 may for 
example be charged according to the following mecha- 
nism. 

[0023] Colored migrating particles 2 may be charged 
positively or negatively in an insulating liquid 1 due to 
formation of an electric double layer caused by transfer 
of a charge between the particle 2 and the insulating liq- 
uid 1 , as the phenomenon per se has been known. 
More specifically, positive ions or negative ions in the 
insulating liquid 1 are specifically adsorbed onto the 
colored particles 2, so that the colored particles 2 are 
positively or negatively charged. 
[0024] Now, an embodiment of the driving method for 
the display device is described with reference to Figures 
1Aand1B. 

[0025] Now, it is assumed that magnetized and black- 
colored electrophoretic particles 2 are positively 
charged, while they can be charged negatively in some 
other cases. As mentioned above, the magnetized and 
colored electrophoreses 2 are attracted toward the first 
substrate 3 magnetized by inclusion of the magnetic 
powder 10 in an ordinary state, i.e., under no voltage 
application or under application of a weak voltage. 
[0026] In this state, if a relatively large voltage is 
applied between the second electrode 9 as a positive 
electrode and the first electrode 8 as a negative elec- 
trode so as to exert onto the positively charged electro- 
phoretic particles 2 an electrostatic force which is larger 
than the magnetic Coulomb force acting between the 
particles 2 and the first substrate 3, the positively 
charged electrophoretic particles 2 are moved and 
attached to the negative first electrode 8, so as to mask 
the first electrode 8 with the black particles 2. At this 
time, even if the voltage supply to the electrodes 8 and 
9 is terminated, the magnetic colored particles 2 are 
secured on the first electrode 8 by the magnetic Cou- 
lomb attractive force exerted by the magnetic first sub- 
strate 3. As a result, the color of the magnetic particles 
2 on the first electrode 8 and the color of the second 
electrode 9 are observed from a viewer's die (i.e., the 
side of the upper second substrate 6) (Figure 1B). 
[0027] Now, if a reverse polarity of relatively large volt- 
age is applied between the first electrode 8 as a positive 
electrode and the second electrode 9 as a negative 
electrode, the positively charged and colored electro- 
phoretic particles 2 are moved and attached onto the 



6 

negative second electrode 9, whereby the color of the 
electrophoretic particles 2 on the second electrode 9 
and the color of the first insulating layer 4, the first elec- 
trode 8 or the first substrate 3 are observed from the 
5 viewers side (i.e., the side of the second substrate 6) 
(Figure 1 A). This state is retained even after termination 
of the voltage due to a magnetic Coulomb force exerted 
by the first substrate 3. 

[0028] In the above-described manner, if the second 

10 electrode 9 and the electrophoretic particles 2 are both 
colored in black, and the first electrode 8 is colored in 
white, a black-white monochromatic display is effected. 
On the other hand, if a colored layer (e.g., in yellow, 
cyan, magenta, etc.) is provided, a color display 

is becomes possible. It is desirable that the second elec- 
trode 9 and the electrophoretic particles 2 are colored in 
the same color or similar colors. A colored layer having 
an optical characteristic different from that of the 
colored electrophoretic particles 2 may be provided to 

20 the first electrode 8, the first insulating layer 4 or the first 
substrate 3. or between these members or as a layer 
behind the first substrate 3 and as a horizontally entire 
layer or local layer, as far as it is observable from the 
viewer's side. Herein, the color of the colored particles, 

25 the electrode or the isulating layer can be the color of 
the material thereof per se or may be provided by mixing 
or overcoating with a coloring matter. The magnetic 
colored electrophoretic particles 2 may be composed of 
a single species of material or a combination of two or 

30 more species of materials. 

[0029] In case of using a display device according to 
this embodiment, it becomes possible to dispense with 
coloring of the insulating liquid by inclusion of coloring 
particles or dissolution of a colorant so that it becomes 

35 possible to obviate the adsorption of colorant or coloring 
particles onto the colored electrophoretic particles. Fur- 
ther, it is also possible to obviate the intrusion of the col- 
orant or coloring particles between the electrode 
surface and the colored electrophoretic particles 

40 attached onto the electrode surface. Accordingly, it 
becomes possible to provide a display device capable of 
realizing a high reflectance and a high contrast 
[0030] Further, as the colored electrophoretic parti- 
cles attached onto the electrode of display is secured 

45 thereat by a magnetic Coulomb force exerted by the 
magnetic first substrate even after the termination of the 
voltage for providing the display state so that the display 
exhibits a memory characteristic. Further, the magnetic 
Coulomb attractive force can provide a certain threshold 

so in applied voltage for display. 

[0031] In the driving method of the display device 
according to the present invention, a horizontal move- 
ment of the electrophoretic particles between the elec- 
trodes is utilized for display. By using this characteristic, 

55 a gradational display becomes possible according to a 
second embodiment of the driving method as will be 
described with reference to Figures 2A and 2B wherein 
identical numerals are used for denoting like members 
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as in Figures lAand 1B. 

[0032] Such a gradational display may be accom- 
plished by a partial movement of magnetic and colored 
electrophoretic particles 2 from one electrode to the 
other electrode as shown in Figure 2. Such a partial 
movement of electrophoretic particles 2 may for exam- 
ple be effected by control of a voltage application time 
(or pulse width) according to a pulse width-modulating 
gradational display scheme. 

[0033] Further, a voltage-modulating gradational dis- 
play may be accomplished by control of an applied volt- 
age (or pulse height), use of a mixture of colored 
electrophoretic particles having different chargeabilities, 
or use of a mixture of colored electrophoretic particles 
having different sizes or shapes. 
[0034] In any case, a gradational display is performed 
by controlling the distance of movement of the colored 
electrophoretic particles to effect an area-based grada- 
tional display by controlling the magnitude or duration of 
the voltage applied between the electrodes. 
[0035] In addition to the above, an improved grada- 
tional display characteristic may be realized by using a 
mixture of colored electrophoretic particles having dif- 
ferent chargeabilities, a mixture of colored electro- 
phoretic particles 2 having different levels of magnetism 
or a mixture of colored electrophoretic particles 2 hav- 
ing different sizes or shapes. 

[0036] Hereinbelow, a gradational display method 
according to a voltage modulation scheme will be 
described more specifically with reference to Figures 2 A 
and 2B. 

[0037] Referring to Figures 2A and 2B, it is assumed 
that magnetized and colored electrophoretic particles 
are positively charged in a transparent insulating liquid 
1 . If a voltage exerting an electrostatic force larger than 
a magnetic Coulomb force onto the magnetized and 
colored electrophoretic particles 2 is applied between a 
second electrode 9 as a negative electrode and a first 
electrode 8 as a positive electrode, the positively 
charged electrophoretic particles 2 are collectively 
moved to and attached onto the negative second elec- 
trode 9. and secured thereat by the magnetic Coulomb 
force toward the first substrate 3. As a result the color 
of the colored electrophoretic particles 2 on the second 
electrode 9 and a different color of the first insulating 
layer 4, the first electrode 8 or the first substrate 3 are 
observed from or displayed to a viewers side (the side 
of the second substrate 6) (Figure 2A). 
[0038] Then, if a reverse polarity of voltage at a con- 
trolled amplitude is applied between the first electrode 8 
as a negative electrode and the second electrode 9 as a 
positive electrode to control the amount of positively 
charged colored electrophoretic particles 2 moved 
toward the first electrode 8, i.e., to control the area of 
the colored electrophoretic particles covering the first 
electrode 8. Depending on the area of the coverage, a 
mixture color among the color of the colored electro- 
phoretic particles 2, the color of the second electrode 9 



and the different color of the first insulating layer 4, the 
first electrode 8 or the first substrate 3, is displayed to 
the viewer's side (the side of the second substrate 6). In* 
this state, the colored electrophoretic particles 2 are 

5 secured thereat again by the magnetic Coulomb attrac- 
tive force toward the first substrate 3. In this manner, if 
the second electrode 9 and the electrophoretic particles 
2 are both colored in black, and the first electrode 8 is 
colored in white, a white and black gradational display 

w becomes possible. 

[0039] By using the second display method of this 
embodiment the distance (or amount) of the colored 
electrophoretic particles moved from one electrode to 
the other electrode can be controlled, whereby an area! 

75 gradational display can be realized. 

[0040] Further, the resultant display state is retained 
even after termination of voltage application between 
the first electrode 8 and the second electrode 9 from a 
power supply circuit (not shown) by securing of the 

20 colored electrophoretic particles 2 with a magnetic Cou- 
lomb attractive force toward the first substrate 3, so that 
a display having a memory characteristic is realized. 

(Some modifications) 

25 

[0041 ] In the embodiment of display device described 
with reference to Figures 1 A and 1B (and also Figures 
2A and 2B), the first electrode 8 and the second elec- 
trode 9 are coated with the second insulating layer 5 in 
30 order to obviate irreversible adsorption of the colored 
electrophoretic particles 2 onto the first electrode 8 and 
the second electrode 9. However, by appropriately 
selecting the materials of the colored electrophoretic 
particles 2, the first electrode 8 and the second elec- 
ts trode 9, such irreversible adsorption of the colored elec- 
trophoretic particles 2 onto the first electrode 8 and the 
second electrode 9 can be obviated. Accordingly, it is 
possible to expose the second electrode 9 so as to allow 
a direct attachment of the colored electrophoretic parti- 
40 cies 2 onto the second electrode 9. It is further possible 
to expose the first electrode 8 so as to allow the colored 
electrophoretic particles 2 to be directly attached onto 
the first electrode 8. 

45 (Another embodiment) 

[0042] Another embodiment of the display device 
according to the present invention is described with ref- 
erence to Figure 3. wherein identical numerals are used 

so to denote like members as in Figures 1 A and 1 B. 

[0043] In the embodiment of Figure 3, a first electrode 
8 and a first electrode 9 are juxtaposed in a substantially 
same plane on a first substrate 3. The display device of 
Figure 3 can be operated in a similar manner as in the 

55 one of Figure 1 A. 

[0044] The electrophoretic display device of the 
present invention inclusive of any of the above- 
described embodiments allows a rewritable display, 
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requires no or only a small energy for retaining a display 
state (because of a memory characteristic), is excellent 
in portability and display quality, and can be used as a 
paper display medium in substitution for a display with a 
hard copy (paper, etc.). 

(Production process) 

[0045] Now, an example of process for production of 
the display device according to the present invention will 10 
be described with reference to Figures 4A to 4E which 
are sectional views for illustrating a process for produc- 
tion of the embodiment shown in Figures 1 A and 1 B. 
[0046] First of all, a first substrate 3 is formed from, 
e.g., a polymeric material, such as polyethylene tereph- is 
thalate (PET), polyether sulfone (PES), or polycar- 
bonate; or an inorganic material, such as glass or 
quartz. By mixing powder of such a substrate material 
with fine magnetic powder 10 of, e.g., neodium magent, 
samarium-iron-nitrogen magnet, samarium-cobalt mag- so 
net, alnico magnet or ferrite magnet, and the resultant 
mixture is formed into a sheet 3 (as shown in Figure 
4A). Alternatively, it is possible to coat a sheet of a sub- 
strate material as described above with a layer of mag- 
net material as described above. 25 
[0047] Then, a first electrode 8 is formed on the first 
substrate 3. The first electrode 8 may be formed of any 
electroconductive material capable of patterning, inclu- 
sive of a transparent conductor material, such as indium 
tin oxide (ITO). After. patterning of the first electrode 8, 30 
e.g., according to a photolithographic process, as 
desired, a first insulating layer 4 is formed over the first 
substrate 8. The first insulating layer 4 may preferably 
comprise a film-forming material capable of providing a 
pin hole-free film showing a high transmittance for visi- 35 
ble light rays. Examples of such a film-forming material 
may include polyimide. PET and polymethylmethacr- 
ylate. If fine powdery pigment, such as titanium oxide or 
zinc oxide, is mixed within the first insulating layer, it is 
possible to provide an insulating layer 4 also functioning 40 
as a white reflection layer (Figure 4B). 
[0048] Then, a second electrode 9 is formed. The sec- 
ond electrode 9 may comprise an electroconductive 
material preferably be colored in a color close to that of 
colored electrophoretic particles described later. For 45 
example, in case where black electrophoretic particles 
are used, a dark black electroconductive material, such 
as titanium carbide or graphite, may be used. The sec- 
ond electrode 9 is coated with a second insulating layer 
5 of, e.g., polyimide, PET or PMMA (Figure 4C) for the so 
purpose of, e.g., preventing irreversible adsorption of 
colored electrophoretic particles on the second elec- 
trode 9. 

[0049] As a supplement to the above description, the 
color(s) for display can be attained by utilizing the 55 
color(s) of the electrode materials or insulating materi- 
als per se or by applying an additional coloring layer of 
a desired color at a desired part on an electrode, an 



insulating layer or a substrate. It is also possible to mix 
a coloring material with a material constituting the insu- 
lating layer or substrate. 

[0050] Then, a sealing or partitioning wall member 7 
is formed on (the second insulating layer 5 of) the first 
substrate 3 (Figure 4D). The sealing or partitioning wall 
7 may be formed of a polymeric material through an 
appropriate process. For example, it is possible to use a 
process wherein a layer of a photosensitive resin is 
formed by, e.g., application, followed by exposure to 
actinic light and wet development. It is also possible to 
form the partitioning wall 7 by bonding a separately pro- 
duced partitioning wall member or by molding such a 
partitioning wall together with a light-transmissive sec- 
ond substrate. 

[0051] Then, a layer of an adhesive 1 1 is formed on 
top of the partitioning wall member 1 1 for bonding with 
a second substrate 6, and the space within the parti- 
tionng wall 7 is filled with an insulating liquid 1 and 
colored electrophoretic particles 2. The insulating liquid 
1 may comprise a colorless transparent liquid, such as 
silicone oil, toluene, xylene or high-purity petroleum. 
[0052] The magnetizable electrophoretic particles 2 
of, e.g., in black color, may comprise a chargeable 
material obtained, e.g., by mixing carbon and magnetite 
with a resin, such as polyethylene or polystyrene. The 
electrophoretic particles 2 may ordinarily have a particle 
size (diameter) on the order of 0.1 \xm - 50 jim. 
[0053] Then, a second substrate 6 is posttionally 
aligned with the first substrate 3, and heat is applied to 
cure the adhesive layer 1 1 for bonding the substrates to 
form a ceil structure (Figure 4E). The electrodes 8 and 
9 are electrically connected to a voltage supply (not 
shown) to complete the display device. The second sub- 
strate 6 may preferably comprise a heat-resistant mate- 
rial showing a high transmittance for visible light rays. 
For example, it is posstole to use a polymeric material, 
such as PET or PES, or an inorganic material, such as 
glass or quartz. 

[0054] Trie thus-prepared display device may allow 
two-color display, a color display or a gradational dis- 
play, and exhibit a large viewing angle and a high con- 
trast 

[Examples] 

[0055] Hereinbelow, the present invention will be 
described more specifically based on Examples. 

Example 1 

[0056] A display device having a matrix of pixels 
(cells) arranged in 450 rows x 450 columns was pre- 
pared in a planar size of 75 mm x 75 mm. The display 
device had a unit cell (pixel) structure having planar size 
of 120 |im x 120 jim as illustrated in Figures 1 A and 1 B 
and was prepared in the following manner with refer- 
ence to Figures 4A - 4E illustrating production of one 
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unit ceil size. 

[0057] Ferromagnetic cobalt-samarium alloy fine pow- 
der 10 was kneaded with melted PET (polyethylene 
terephthaiate) to form a 200 jim-thick film, which was 
magnetized to provide a first substrate 3 (Figure 4A) in 
an entire planar size of 75 mm x 75 mm. 
[0058] Then, the first substrate 3 was surface-coated 
by sputtering with a 200 nm-thick aluminum (AJ) film 
which was then patterned into 120 jim-wide stripes of 
first electrodes 8. Then, the first electrodes 8 were 
coated with a 3 nm-thick first insulating layer 4 of PMMA 
(polymethyl methacrylate) colored in white with titanium 
oxide fine particles (Figure 4B). 
[0059] Then, a dark black-colored titanium carbide 
film was formed thereon and patterned by photolithog- 
raphy including dry etching into 50 fim-wide second 
electrodes 9. Then, the second electrodes 9 were fur- 
ther coated with a 0.5 nm-thick second insulating layer 
5 of PMMA (Figure 4C). 

[0060] Then, the layer 5 was further coated with a 
photosensitive epoxy resin ("PMER N-CA2000 PMT-r, 
available from Tokyo Ohka Kogyo K.K.) by spin coating 
at 1000 rpm for 10 sec, followed by UV (ultraviolet) 
exposure and wet-development with a developer liquid 
for the photosensitive epoxy resin, to form partitioning 
walls 7 of 30 urn in height and 10 ^m in width. 
[0061 ] Then, a layer 1 1 of heat-bonding adhesive was 
applied on top of the partitioning walls 7, and the 
respective cells surrounded by the partitioning wails 7 
were tilled with a 20:1 (by weight) mixture of an insulat- 
ing liquid 1 (of silicone oil at 5 centistokes) and ca. 1 jxm- 
dia. black electrophoretic particles 2 of polystyrene/car- 
bon/magnetite mixture. Separately, a pattern of heat- 
bonding adhesive layer 1 1 was also applied on a sec- 
ond substrate 5, and the second substrate 6 was super- 
posed on the first substrate 3 with alignment of the 
respective adhesive patterns 1 1 , followed by heat-bond- 
ing to form a display device with a unit structure as illus- 
trated in Figure 4E. 

[0062] Then, after connecting the first electrodes and 
second electrodes to a voltage supply (not shown), the 
display device was driven by application of a drive volt- 
age of 80 volts and the drive performances thereof were 
evaluated by observation through a microscope 
( n OPTIPHOTOPOL" f available from Nikon K.K.) at a 
magnification of 25 for each cell of 120 \im x 120 jim. As 
a result, as the black electrophoretic particles 2 were 
positively charged in the silicone oil 1 , they were moved 
to a negative electrode. 

[0063] More specifically, when the second electrode 9 
as a positive electrode was supplied with +80 volts while 
the first electrode 8 was grounded (0 volt) to apply an 
electrostatic force larger than a magnetic Coulomb 
attraction force onto the positively charged and magnet- 
ized colored electrophoretic particles 2, the positively 
charged black electrophoretic particles 2 were moved 
onto the negative first electrode 8 to mask the white 
insulating layer 4, thereby providing a black display 



state of the pixel as viewed from the second substrate 6 
(viewer's side) (Figure 1 B). On the other hand, when the 
applied voltage polarity was inverted, i.e., when the sec-» 
ond electrode 9 was supplied with a voltage of -80 volts 

5 while the first electrode 8 was continually grounded to 
apply an electrostatic force larger than a magnetic Cou- 
lomb attraction force onto the positively charged and 
magnetized colored electrophoretic particles 2, the pos- 
itively charged black electrophoretic particles 2 were 

w moved onto the second electrode 9 to expose the white 
color of the first insulating layer 4, whereby a slightly 
grayish white display state was provided as whole. The 
response time was 30 msec or shorter. 
[0064] Further, after the voltage application to the first 

is electrode 8 and the second electrode 9, the applied volt- 
age was removed by electrically opening the circuit of 
the first electrode 8, the second electrode 9 and the volt- 
age supply, each of the black and white display states 
was retained in a memory state by a magnetic Coulomb 

20 attraction force acting on the colored electrophoretic 
particles 2 directed toward the first substrate 3. 

Example 2 

25 [0065] A display device of 450x450 pixels similar to 
the one of Example 1 except for a unit cell structure of 
120 jim x 120 jim as illustrated in Figure 3 was prepared 
in a manner described below with reference to Figures 
5A - 5E similarly as in Example 1 . 

30 [0066] Ferromagnetic alnico tine powder 1 was mixed 
with polyimide varnish, and the resultant paint was 
applied onto a 100 pm-thick PES film 3 and baked to 
form a magnetic layer 51 , which was then magnetized 
(Figure 5A). 

35 [0067] Then, the first electrode 3 provided with the 
magnetic layer 51 was coated with an Al film, followed 
by patterning to provide first electrodes 8, and then with 
a white first insulating layer 4 of polyimide colored in 
white by inclusion of titanium oxide fine particles (Figure 

40 5B). 

[0068] Then, a dark black-colored titanium carbide 
film was farmed on the insulating layer 4 and patterned 
by photolithography including dry etching into 30 urn- 
wide stripes of second electrodes 9. Then, in parallel 

45 with the stripes of second electrodes 9, a dye-contain- 
ing (colored) resin layer pattern 12 was formed on the 
first insulating layer 4. Then, the colored pattern 12 and 
the second electrodes 9 were coated with a second 
insulating layer 5 of PMMA (Figure 5C). 

so [0069] Then, the layer 5 was further coated with a 
photosensitive epoxy resin ("PIMEL I-8806P, available 
from Asahi Kasei K.K.) by spin coating at 3000 rpm for 
15 sec, followed by UV exposure and wet-development 
with a developer liquid for the photosensitive epoxy 

55 resin, to form partitioning walls 7 of 20 jim in height and 
10fimin width. 

[0070] Then, a layer 1 1 of heat-bonding adhesive was 
applied on top of the partitioning walls 7, and the 
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respective cells surrounded by the partitioning walls 7 
were fflied with a mixture of an insulating liquid 1 (of sil- 
icone oil) and ca. 1 jim-dia. black electrophoretic parti- 
cles 2 of polystyrene/carbon/magnetite mixture. 
Separately, a pattern of heat-bonding adhesive layer 1 1 
was also applied on a second substrate 6, and the sec- 
ond substrate 6 was superposed on the first substrate 3 
with alignment of the respective adhesive patterns 1 1 , 
followed by heat-bonding to form a display device with a 
unit structure as illustrated in Figure 5E. 
[0071] Then, after connecting the first electrodes and 
second electrodes to a voltage supply (not shown), the 
display device was driven by application of a drive volt- 
age of 70 volts. During the voltage application, the pos- 
itively charged black electrophoretic panicles 2 in the 
silicone oil 1 , were moved to a negative electrode. 
[0072] More specifically, when the second electrode 9 
as a positive electrode was supplied with +70 volts while 
the first electrode 8 was grounded (0 volt), the positively 
charged black electrophoretic particles 2 were moved 
onto the negative first electrode 8 to mask the colored 
insulating layer 12, thereby providing a black display 
state of the pixel as viewed from the second substrate 6 
(viewer's side). On the other hand, when the applied 
voltage polarity was inverted, i.e., when the second 
electrode 9 was supplied with a voltage of -70 volts 
while the first electrode 8 was continually grounded, the 
positively charged black electrophoretic particles 2 were 
moved onto the second electrode 9 to expose the color 
'of the colored layer 1 2. The response time was 30 msec 
or shorter. 

[0073] By using a set of three colors of yellow, cyan 
and magenta, for the color layer 12 of three cells consti- 
tuting one pixel, a selective color display performance at 
each cell was confirmed. 

[0074] Further, after the voltage application to the first 
electrode 8 and the second electrode 9, the applied volt- 
age was removed by electrically opening the circuit of 
the first electrode 8, the second electrode 9 and the volt- 
age supply, each of the black and color display states 
was retained in a memory state by a magnetic Coulomb 
attraction force acting on the colored electrophoretic 
particles 2 directed toward the first substrate 3. 

Example 3 

[0075] The display device prepared in Example 1 was 
driven for gradational display in the following manner. 
[007S] First, similarly as in Example 1 , when the sec- 
ond electrode 9 was supplied with +80 volts for 30 
msec, while the first electrode 8 was grounded (0 volt), 
the positively charged electrophoretic particles 2 were 
moved to mask the white first insulating layer 4 on the 
first electrode 8, thereby providing a black display state 
as viewed from the side of the second substrate 6 (Fig- 
ure 1 B). 

[0077] Then, when the first electrode 8 was supplied 
with +80 volts for 30 msec while the second electrode 9 



was grounded, the positively charged electrophoretic 
particles 2 were moved onto the second electrode 9 to 
expose the while color of the first insulating layer 4 
thereby providing a slightly grayish white display state 
5 (Figure 2A). 

[0078] Then, again from the state shown in Figure 1 B, 
the first electrode 8 was supplied with +80 volts for 5 
msec instead of 30 msec while the second electrode 9 
was grounded, whereby a portion of the positively 

10 charge black electrophoretic particles 2 was moved to 
the second electrode 9 while the remainder thereof was 
left on the first electrode 8 (Figure 2B), thus showing a 
darker gray display state having a reflected light bright- 
ness of an about a half than in the case of the voltage 

is application time of 30 msec. Thus, it was confirmed that 
a gradational display at multi-levels was possible by var- 
iously changing the voltage application time. 

Example 4 

20 

[0079] A display device similar to the one of Example 
1 except for a unit cell structure as shown in Figure 6 
was prepared through similar steps as in Example 1 . 
Thus, in this example, three second electrodes 9 in a 
narrower width of 1 0 fim were formed at a pitch of 40 |im 
in one cell of 120 jim x 120 fim in combination with 
colored electrophoretic particles 2 of ca. 0.5 - 1 .0 \im in 
diameter. 

[0080] The display device was driven by applying a 
drive voltage of 80 volts. 

[0081] More specifically, when the second electrodes 

9 were supplied with +80 volts while the first electrode 8 
was grounded, the positively charged electrophoretic 
particles 2 in the silicone oil were moved to mask the 
white insulating layer 4 on the first electrode 8 to provide 
a black display state as viewed from the side of the sec- 
ond substrate 6. On the other hand, when the first elec- 
trode 8 was grounded and the second electrodes 9 
were supplied with a negative voltage of -80 volts, the 
positively charged black electrophoretic particles 2 were 
moved onto the dark black-colored second electrodes 9 
to expose white-colored first insulation layer 4, whereby 
a slightly grayish white display state was formed as 
viewed from the side of the substrate 2. In this example, 
as the width of the second electrodes 9 was reduced to 

10 jim in a totally 120 ^m-wide cell, the responsiveness 
of the display was improved to provide a shorter 
response time of 10 msec or below. 

Examples 

[0082] The display device prepared in Example 1 was 
driven in a simple matrix mode in the following manner 
while noting a matrix unit of 3x3 pixels shown in Figure 
7A including scanning lines S1 - S3 as first electrodes 
and data lines 11 - 13 as second electrodes forming pix- 
els P1 1 - P13, P21 - P23 and P31 - P33 each in a size 
of 1 20 jim x 1 20 jim at each intersection of the scanning 
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lines and the data lines. 

[0083] The display device, while noting the 3x3 matrix, 
was driven by applying a set of time serial waveforms as 
shown in Figure 7B to provide a sequence of display 
states shown at Figures 7CA, 7CB, 7CC and 7CD at 
time T1 t T2, T3 and T4, respectively, as observed 
through a microscope ("OPTIPHOTOPOr available 
from Nikon K.K.) at a magnification of 25. 
[0084] Referring to these figures, at time T1 , scanning 
lines S1 - S3 were supplied with -50 volts and data lines 
11-13 were supplied with +25 volts to provide a wholly 
black display state by application of -75 volts (S - 1) at 
each pixel as shown at Figure 8CA. 
[0085] Then, at time T2, the scanning line S1 was sup- 
plied with +50 volts and the scanning lines S2 and S3 
were supplied with 0 volt, while the data lines 11 and 13 
were supplied with -25 volts and the data line 12 was 
supplied with +25 volts, whereby the pixels P1 1 and P1 3 
were supplied +75 volts while the other pixels were sup- 
plied with +25 or -25 volts. As a result, the magnetized 
and positively charged colored electrophoretic particles 
2 at the pixels P1 1 and P13 were moved onto the data 
lines 11 and 13 to display "gray" at these pixels. 
[0086] Thus, at the pixels P11 and P13, an electro- 
static force Fe (acting based on a voltage of +75 volts) 
exceeded a magnetic Coulomb attraction force Fm 
(threshold) exerted by the first substrate 3 onto the mag- 
netic colored particles 2 whereby the colored particles 2 
at these pixels were selectively moved onto the data 
lines 11 and 13. At the other pixels, the electrostatic force 
acted to retain the particles 2 at the pixels (based on a 
voltage of -25 volts) or subsided below the threshold 
(based on a voltage of +25 volts), thereby retaining the 
black display state thereat As a result, a display state 
as shown at Figure 7CB was formed. 
[0087] Then, at time T3, the scanning line S2 was sup- 
plied with +50 volts and the scanning lines S1 and S3 
were supplied with 0 volt, while the data line 12 was sup- 
plied with -25 volts and the data line 11 and 13 were sup- 
plied with +25 volts. As a result, only the pixel P22 was 
supplied with a voltage of +75 volts whereas the other 
pixels were supplied with +25 or -25 volts, below the 
threshold. As a result, only at the pixel P22, the magnet- 
ized and positively charged colored electrophoretic par- 
ticles 2 were moved onto the data signal line 12 to 
provide the pixel P22 with a gray display state. At this 
time, the pixels other than the pixel P22 retained the dis- 
play states formed at the time T2, thus providing a dis- 
play state as shown at Figure 7CC. 
[0088] Similarly, by application of voltages as shown 
at time T4 shown in Figure 7B to the respective lines, 
only the pixels P31 and P33 were converted into "gray" 
to provide a display state as shown in Figure 7CD as a 
whole. Further, the display state shown in Figure 7CD 
was retained by grounding all the scanning line S1 - S3 
and data lines 11 - 13 as shown at time T5. thus showing 
a memory state owing to the magnetic Coulomb force 
acting on the magnetic particles 2 toward the first sub- 



strate 3. 

[0089] In the above example, the first electrodes 8 
were used as scanning lines Sm and the second elec-» 
trodes 9 were used as data lines Im. However, s similar 
s effect is obtained also by using the first electrodes 8 as 
data lines and the second electrodes 9 as scanning 
lines. 

[0090] Figure 9 is a block diagram of an electro- 
phoretic display apparatus including a display device of 

10 this example and a control system therefor. More specif- 
ically, the display apparatus includes a display device 
101 having a matrix electrode structure formed of scan- 
ning lines Sm and data lines In as described with refer- 
ence to Figure 7A, a scanning signal application circuit 

15 102 for applying scanning signal voltages to the pixels 
via the scanning lines Sm, a data signal application cir- 
cuit 103 for applying data signals to the pixels via the 
data line In, a scanning signal control circuit 104, a data 
signal control circuit 106 and a drive control circuit 105. 

20 Each cell forming a pixel at each intersection of the 
scanning lines and the data lines is filled with colored 
electrophoretic particles dispersed in an insulating liq- 
uid. The display apparatus also includes a graphic con- 
troller 107, from which data is sent out and supplied via 

25 the drive control circuit 1 05 to the scanning signal con- 
trol circuit 104 and the data signal control circuit 106 to 
be converted into address data and display data, 
respectively Then, based on the address data, the 
scanning signal application circuit 102 successively 

30 generates scanning signals which are successively 
applied to the scanning lines Sm at the display unit 1 01 . 
Further, based on the display data, data signals are 
generated by the data signal application circuit and 
applied to the data lines In of the display unit 101 . 

35 [0091 ] As described in detail above, according to the 
present invention, an electrophoretic display device 
exhibiting the following advantageous effects may be 
provided. 

[0092] At the time of no voltage application, magnet- 
ic ized colored electrophoretic particles are held in posi- 
tion according to a magnetic Coulomb attraction force to 
exhibit a memory characteristic, so that no power con- 
sumption is required for holding a display state. 
[0093] As the magnetized and colored electrophoretic 
45 particles are attracted by a magnetic Coulomb force to a 
substrate, a dear threshold characteristic is provided in 
electric field for moving particles, so that a simple matrix 
drive is well performed in an electrophoretic display. 
[0094] The component members, such as electrodes, 
so insulating layer, and partitioning walls may be formed on 
a single substrate through a simple process, so that a 
display device of a large area can be provided with a 
simple structure. 

55 Claims 

1. An electrophoretic display device, comprising: a 
first substrate and a second substrate disposed 
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opposite to each other with a gap therebetween, a 
first electrode and a second electrode disposed at 
at least partially deviated positions on the first sub- 
strate, a transparent insulating liquid filling the gap 
between the first and second substrates, and s 
colored electrophoretic particles carried in the insu- 
lating liquid so as to be movable between the first 
electrode and the second electrode, wherein 

the first substrate has a magnetism, and the 
electrophoretic particles also have a magnetism. i 0 

2. A display device according to Claim 1 , wherein the 
first electrode and the second electrode are each 
provided in a plurality and arranged in a matrix form 

so that the first electrodes receive scanning signals is 
and the second electrodes receive data signals. 

3. A display device according to Claim 1, wherein an 
insulating layer is formed so as to cover the first 
electrode and the second electrode on the first sub- 20 
strate. 

4. A display device according to Claim 3, wherein at 
least one of the first electrode, the second electrode 
and the insulating layer is colored to have an optical 25 
characteristic different from that of the colored elec- 
trophoretic particles. 

5. A display device according to Claim 1 , wherein the 
first substrate is provided on its surface with a 30 
colored layer having an optical characteristic differ- 
ent from that of the colored electrophoretic parti- 
cles, and a light reflection layer. 

6. A display device according to Claim 1 , wherein the 35 
first substrate and the second substrate respec- 
tively comprise a polymer film. 

7. A display device according to Claim 1 , wherein the 
second electrode and the colored electrophoretic 40 
particles are colored substantially in black. 

8. A driving method for an electrophoretic display 
device of the type comprising a first substrate and a 
second substrate disposed opposite to each other 45 
with a gap therebetween, a first electrode and a 
second electrode disposed at at least partially devi- 
ated positions on the first substrate, a transparent 
insulating liquid filling the gap between the first and 
second substrates, and colored electrophoretic par- so 
tides carried in the insulating liquid so as to be 
movable between the first electrode and the second 
electrode, wherein the first substrate has a magnet- 
ism, and the electrophoretic particles also have a 
magnetism; 55 

said driving method comprising applying dif- 
ferent level of voltages between the first electrode 
and the second electrode, so that the colored elec- 



trophoretic particles are moved between the first 
and second electrodes at a voltage exerting an 
electrostatic force larger than a magnetic Coulomb 
force acting between the electrophoretic particles 
and the first substrate, and the colored electro- 
phoretic particles are retained on the first or second 
electrode at a voltage exerting an electrostatic force 
smaller than the magnetic Coulomb force acting 
between the electrophoretic particles and the first 
substrate. 

9. A method according to Claim 8, wherein the first 
electrode and the second electrode are each pro- 
vided in a plurality and arranged in a matrix form, 
and a scanning signal is sequentially applied to the 
first electrodes and data signals are applied to the 
second electrodes in synchronism with the scan- 
ning signal. 
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